Environmental conditions are known to contribute to the phenotypic plasticity in the age of sexual maturation of Atlantic salmon (Salmo salar). Here, we report on an observation of out-of-season male Atlantic salmon initiating puberty as pre-smolts (jacks) but failing to complete maturation as post-smolts. Jacks were identified based on elevated plasma 11-ketotestosterone (range, 3-12 ng/ml) and the occurrence of type B spermatogonia in January 2017. However, these males failed to show running milt as post-smolts at the expected time in May 2017. Subsequently, 6 out of the 21 (32%) suspected "terminated jacks" went on to become grilse, whereas only 1 of the 22 (5%) males that showed no signs of initiating puberty in January became grilse in December 2017. Therefore, "terminated" jacks were more likely to mature as grilse than the males that remained immature. Why these pubertal pre-smolt males did not complete maturation is unclear but could be related to the transfer of fish from conditions of warm water and long days, risk factors for early maturation, to conditions of cold water and short days, which are expected to delay the age of maturation. We provide a description of the conditions under which male Atlantic salmon appear to have terminated the process of sexual maturation.
Introduction
There is a high degree of phenotypic plasticity in the age of sexual maturity in Atlantic salmon (Salmo salar). Wild males may enter puberty during the early freshwater life stage (parr) or as anadromous males following one (grilse) or more seawinters (Klemetsen et al., 2003) . However, Atlantic salmon are also capable of undergoing multiple spawning cycles, including both consecutive and alternate year spawners (Erkinaro et al., 2019) . Mature post-smolts, or "jacks", have also been observed in wild Atlantic salmon (Klemetsen et al., 2003) , but is a rare phenotype. However, jacks are more frequently observed in domestic salmon populations (Imsland et al., 2014; Stefansson et al., 1993; Thrush et al., 1994) . Here, males have been observed to enter puberty either directly before, or shortly after, seawater adaptation (Fjelldal et al., 2011; Melo et al., 2014) . Jacks can occur during the natural spawning season (i.e. Stefansson et al., 1993) or out-of-season following photoperiod and/or temperature manipulation (i.e. Fjelldal et al., 2011) .
Recent developments in salmonid husbandry, such as the manipulation of water temperature and photoperiod, are leading to an increased occurrence of jacking in domestic stocks (Fjelldal et al., 2011; Imsland et al., 2014) . This is an economical and ethical issue, as mature individuals have reduced flesh quality and an increased risk of disease (Taranger et al., 2010) . The high occurrence of jacking in modern day facilities is most likely related to improved growth during the juvenile phase and the use of large smolts. Here, the manipulation of the rearing environment through continuous light and elevated water temperature produces fast growing fish, but high-water temperature, photoperiod manipulation, and rapid growth are all risk factors for early maturation in salmon (Fjelldal et al., 2011; Imsland et al., 2014; McClure et al., 2007; Taranger et al., 2010) . The exact mechanism that initiates puberty in salmon is still unknown, although it is theorised to be related to energy reserves at a given developmental threshold (Thorpe et al., 1998) and there is a genetic component (Ayllon et al., 2015; Barson et al., 2015; Lepais et al., 2017) . To date, there are no reports on whether male Atlantic salmon can terminate puberty once it is initiated, as documented in females (Andersson et al., 2013) . Furthermore, the long-term consequences of jacking on growth are unknown, as although jacking is known to lead to an initial growth spurt followed by a growth decline (Fjelldal et al., 2011; Imsland et al., 2014) , no study has followed jacks up to market size. Our initial objective was to determine the growth profiles of jacks up to market size. Therefore, we acquired fish from an experiment in which we expected a high prevalence of jacking based on external appearance. We confirmed the initiation of jacking prior to completion of sexual maturation using plasma 11-ketotestosterone (11-KT) levels, the main androgen in salmon (Idler et al., 1971) , as using external appearance is not 100% reliable for determining jacking. However, although we observed a clear bimodal distribution in 11-KT, suggesting a number of males were indeed entering puberty, no males went on to produce running milt. Therefore, we suggest these males terminated puberty after undergoing the initial stages. We are unaware of any previous reports of male Atlantic salmon beginning, but not completing, sexual maturation. Therefore, we revised our initial objective, and instead describe the experimental setup and conditions in which we believe we observed terminated jacking. To aid our proposal, we also compare the growth profiles of the potential terminated jacks with mature jacks from the same genetic stock in a similar parallel study. Finally, we present possible hypothesises to explain the observation of male post-smolts terminating sexual maturation.
Materials and methods
The present experiment was approved by the Norwegian Animal Research Authority and performed according to prevailing animal welfare regulations (FOTS #10182).
Fish stock and experimental design

Experiment one
The fish originated from an Aquagen strain and were reared under the temperature and photoperiod conditions found in Fig. 1A at the Institute of Marine Research (IMR) facilities at Matre Research Station. On the 9th December 2016, parr were transferred to 8 tanks (475 L) with a density of approx. 5 kg/tank (fish weight 104-122 g) and for three weeks the fish were fed one daily meal (surplus, 2 h from 12:00). After this period, the fish were vaccinated (Aquavac PD7) on the 2nd of January. Food was withheld on the day of vaccination and until the first day after vaccination. The fish were weighed in bulk at the start of the experiment, at vaccination, and on the 22nd January 2017. On the 22nd January, all the fish in 3 tanks were killed by an overdose of anaesthetic (Finquel, 0.5 g/L), sexed, and measured for fork length, body mass, and gonad mass (males only). Of these, three males we suspected of being immature, and four suspected jacks based on external appearance, had their testis dissected and fixed in glutaraldehyde for histology (see below). All fish in the remaining 5 tanks were sedated (Finquel, 100 mg/L) and manually graded as immature or maturing based on their external phenotype. The maturing male phenotype was characterized based upon skin colouring and body condition. Immature fish are silvery with dark fins and a low body condition (i.e. skinny), while maturing males have a more yellowish colour with paler fins and a higher body condition (Fjelldal et al., 2011) . In total, 25 fish with a phenotype typical for maturing males were identified. Based on this, the 25 fish with a maturing male smolt phenotype, along with 74 random fish, were individually tagged with a passive integrated transponder (PIT) tag, which allows for individual recognition, measured for fork length and body weight, and sampled for blood. The blood samples were centrifuged at 11228g for 2 min and plasma stored at −80°C before measurement of 11-KT. Following this, the PIT-tagged fish were transferred to a 5 m tank and followed for one year up until the 4th December 2017, when all fish were killed, sexed, and measured for fork length, and body and gonad mass. During this time, fish were also examined in May and August 2017 for fork length, body mass, and signs of maturity (i.e. running milt). In total, 14 fish, all suspected of being immature, were found to have no PIT tag and were ejected from the study. A total of 7 fish were found to have vertebral deformities and were also ejected from the study.
Experiment two
These fish came from an experiment examining the effects of water temperature (12 vs 17°C), oxygen saturation (60, 70, 80, and 100%), and vaccination (vaccinated vs unvaccinated), during smoltification on long-term growth. We present only the data from the control fish in this study, those that experienced 17°C for a period of one-month post vaccination and 100% O 2 saturation throughout. Those males exposed to 17°C were found to have 15% and 14% maturation (n = 165 and 174) in the unvaccinated and vaccinated fish, respectively, whereas no fish from the 12°C treatment matured. The vaccinated fish were not available for the current dataset so only data from the saline injected control fish are presented.
Atlantic salmon from the same Aquagen strain as used in experiment one were reared under the temperature and photoperiod found in Fig. 1B at the IMR facilities at Matre Research Station. On the 28th August 2016 the fish (n = 2096, mean weight 50 g) were moved to ten 1 × 1 m tanks. Between the 9th and 12th September 2016 the fish were implanted with PIT tags and distributed among 16 tanks (1 × 1 × 0.43 m tanks, n = 131 fish/tank). Between the 3rd and 7th October 2016 the fish were acclimated to either 12 or 17°C with one of four oxygen saturations, 60, 70, 80, and 100% (supplementary table 1). On the 10th October 2016, the fish were vaccinated with either Aquavac PD7 or a saline injection (i.e. unvaccinated). The water flow into the tanks was switched to seawater on the 2nd November 2016 for those fish reared at 17°C, and on the 10th November 2016 for those fish reared at 12°C. The difference in seawater timing is related to the degree days (temperature over time) required in order for fish to complete the parr-smolt transformation that physiologically adapts salmon for the switch from freshwater to seawater. On the 30th November 2016, all fish were transferred to a sea-cage (including the vaccinated fish and those that experienced reduced O 2 saturations) for common-garden rearing.
Body mass and fork length were collected at four-time points, the 10th October 2016 (vaccination), 30th November 2016 (transfer to seacage), 26th April 2017 (approx. End of seawinter), and the 19th October 2017 (market size). At each sampling time, fish were anaesthetized in 100 mg/L Finquel® (MS 222). On 19th October 2017, all fish were killed by an overdose of anaesthetic and the body length, body mass, sex and gonad weight were collected.
Body size data were used to calculate body condition (i.e. K factor) using the following equation; K = weight [g] / length 3 [cm] × 100. Growth was calculated as the % mass gain/day (i.e. specific growth rate [SGR]) as follows; (e q − 1)100 (Houde and Scheckter, 1981) , where q = [In(W 2 ) -In(W 1 )](t 2 -t 1 ) −1 (Bagenal and Tesch, 1978) , and W 2 and W 1 are average body mass at times t 2 and t 1 , respectively.
Histology
After dissection and weighing, a testis tissue fragment was fixed in 4% buffered (PBS) glutaraldehyde at 4°C overnight. The tissue was dehydrated in graded alcohol and embedded in 2-hydroxyethyl methacrylate according to conventional techniques. Testes sections of 3 μm thickness were stained with 1% toluidine blue and analysed qualitatively by light microscopy. The sections were scored for the presence of the most advanced stage of spermatogenesis, and the following stages were found: type A spermatogonia, type B spermatogonia, spermatocytes. The identification of the germ cell types was mainly based on the size, shape and staining of the nuclei of these germ cell types and followed the description given earlier (Melo et al., 2014) . T.W.K. Fraser, et al. Comparative Biochemistry and Physiology, Part A 232 (2019) 
11-ketotestosterone
Steroids were extracted from blood plasma by a method modified from Pankhurst and Carragher (1992) . Briefly, plasma samples (100 μL) were mixed with 1 mL ethyl acetate, vortexed for 20 s and centrifuged for 3 min at 1800 rpm (700 rcf) and 4°C. The organic phase was collected by a Pasteur pipette and the hydrophilic phase was extracted once more with 1 mL of ethyl acetate. The extracts were evaporated in a Speed Vac centrifuge (Savant 1000, USA), and dissolved in 1 mL buffer (phosphate 0.1 M pH 7.4, 0.4 M NaCl, 1 mM EDTA) by heating (60°C for 10 min). The extracted and dissolved steroids were stored at −20°C until analysis by enzyme-linked immunosorbent assay (ELISA, Cuisset et al., 1994) . The ED80 and ED20 were 0.04 ng/ml and 1.00 ng/ml, and the detection limit of the assay was 0.005 ng/ml. Internal standards were prepared from mature male (11-KT) Atlantic salmon plasma extracted as described above. The accepted inter-assay coefficient of variation was 10%; assays with higher deviation of the internal standard were re-run. The intra-assay coefficient of variation was 6.2% (n = 10). Acetylcholine esterase-labelled tracers and microplates precoated with monoclonal mouse anti-rabbit IgG were supplied by Cayman Chemicals (USA). Anti-11-KT was a kind gift from Dr. David E. Kime, Sheffield University, UK, with details on cross-reactivity given by Cuisset et al. (1994) . Standard steroids were purchased from Sigma Aldrich (Sigma reference standards).
Jacking classification
In experiment one, no fish produced running milt. Therefore, plasma 11-KT values were used to identify fish that began puberty as post-smolts (jacks), as previous research has identified 11-KT as the main sex steroid in salmon (Idler et al., 1971 ) with values > 1 ng/ml being reported in mature/maturing fish (Kjaerner-Semb et al., 2018) . A frequency distribution demonstrated a bimodal distribution, with fish either having a value < 1 ng/ml or > 3 ng/ml ( Fig. 2A) . No female had a value above the detection limit for 11-KT. All those males with an 11-KT value > 3 ng/ml were classified as jacks, all those below were considered immature. Grilsing was determined based on external appearance and confirmed by gonad weights at the final sampling in December 2017. Here, grilse had a GSI ≥3.8 whereas immature males had a GSI of ≤0.2 (Fig. 2B ). Based on visual examination of the ovaries, no females were found to have matured. In experiment two, we classified fish as mature based on the occurrence of running milt in April 2017.
Statistical analysis
The data were transferred to R version 3.3.3 (R Development Core Team, http://www.r-project.org). Significance was assigned at p < .05. Model residuals were checked for linearity and normality following visual examination of plots (i.e. histograms/q-q plots/ Fig. 1 . Temperature and photoperiod from experiments one and two. (A) Experiment one. The photoperiod was simulated natural (60°N) between October and December 2016 and natural from mid-January 2017 onwards. The grey dots indicate the water temperature from the tank inflow. The timing of vaccination is indicated by a dotted line, whereas the dashed line indicates the timing of seawater transfer. (B) Experiment two. Two water temperatures were used between October and December 2016, the 17°C treatment in orange, and the 12°C treatment in blue. The photoperiod was natural from December 2016 onwards. The grey dots indicate the water temperature from the inflow when in tanks, and the average seawater temperature from 3 to 5 m depth when in sea-cages. The grey dotted line indicates the timing of vaccination, whereas the blue and orange lines indicate the date of seawater transfer, for the 12 and 17°C reared fish, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) standardised residuals vs fitted values). We used the "nlme" library to perform linear mixed effect (lme) models to assess for the effect of explanatory variables on body size metrics.
We originally hypothesised jacks and immature males would have different growth profiles over time based on observations in post-smolts (Fjelldal et al., 2011; Imsland et al., 2014) and parr (Skilbrei, 1990) , with an initial growth spurt during testis development followed by a growth decline. Therefore, we generated two global models, one 2-way interaction that includes an interaction between group (immature male, terminated jack, terminated jack to grilse) and time, and one without the interaction with time. The 2-way interaction demonstrates different growth trajectories in fish with high vs low 11-KT values, and evidence of initiated jacking, whereas the second provides no evidence for growth effects due to differing 11-KT values and thereby no evidence for the initiation of jacking. We used the Bayesian information criterion (BIC) to identify the model with the lowest BIC score and considered this the "true" model (Aho et al., 2014) . We included fish as a random effect, to account for repeated sampling of the same individuals. For SGR, we included the body weight at the start of the investigated period as a main effect, as smaller fish are expected to have a higher SGR and we observed transient group differences in body mass (see results). Here, only one fish went from being immature to grilse, so this individual is not included.
For experiment two, we used the same models selected in experiment one for a direct comparison of results between experiments. We removed all fish that had externally visible vertebral deformities (i.e. short trunk or short tail, n = 1), as they are known to impact on growth , and we removed those individuals for which data were not available from all time points (n = 6). Here, the one male that became a grilse was excluded from the analysis as it had an externally visible spinal deformity. Following this, group sizes were 30 and 5 individuals/timepoint for immature males and jacks, respectively.
The "Anova" command within the "car" library was used to extract the results for the main effects and type III sum of squares were used due to the presence of interactions. All body mass data were natural logged transformed prior to analysis to improve the distribution of the model residuals, and the SGR data from both experiments was transformed using the "weights = varPower" function due to heteroskedasticity. Post-hoc tests were done using least square means with a tukey adjustment from the "lsmeans" library, whereby means for groups are adjusted for means of other factors within the model (Lenth, 2016) . To assess for differences in the prevalence of grilsing among males that had either high or low 11-KT in January, we used the exact binomial test using the "binom.test" command. All the raw data ("JacksSW.csv") and the R script (JacksSW.R) used to analyse the data can be found in the supplementary material.
Results
For all the main models in experiment one, those containing the interaction between group and time had a lower BIC score than the models without the interaction (Table 1) and these interactions were significant in both experiments (Table 2) .
Effects of grouping fish on 11-KT values on body size and growth in experiment one
Those males with elevated 11-KT were initially heavier with a higher body condition than immature males with low 11-KT, but there was no group effect on body mass in May or August due to lower growth of those fish that had high 11-KT ( Fig. 3A-C) . In December, there was no effect of high or low 11-KT on growth or body size in males that did not become grilse, although those males that went on to become grilse showed decreased growth, lower body mass, and lower body condition, compared to all other groups.
Effects of jacking on body size and growth in experiment two
We found mixed support for our hypothesis that jacks would show an initial growth spurt, a growth disadvantage as post-smolts, and then catch-up growth (Fig. 4A-B ). Although jacks did show a growth spurt and then a growth decline, jacks remained significantly smaller than immature males at the end of the experiment. This contrasted with experiment one, whereby males with high (suspected terminated jacking) and low (immature males) 11-KT only differed in body mass in January, but not at the expected time for completed sexual maturation in April/May. Jacks also showed an increase in body condition in Nov 2016 (Fig. 4C) , which was similar to the increase in body condition seen in those males with elevated 11-KT in experiment one. 
Table 1
Bayesian information criterion (BIC) scores for models with or without an interaction between group and time for body mass, specific growth rate (SGR), and body condition in each experiment. Fraser, et al. Comparative Biochemistry and Physiology, Part A 232 (2019) 60-66 
Histology
From experiment one, the three suspected immature males in December 2016 had a GSI < 0.07% and only type A spermatogonia, demonstrating puberty had yet to be initiated. In the four suspected jacks, showing a GSI range between 0.22 and 0.56%, type B spermatogonia were present in addition to type A spermatogonia, and in one case also the first spermatocytes were observed, demonstrating the initiation of puberty had taken place in these males.
Discussion
Our initial objective was to investigate the long-term performance of male salmon that mature as jacks. However, in experiment one none of the males fully matured even though we found strong evidence puberty had been initiated based on plasma hormones, testis histology, and growth profiles. Therefore, we revised our initial objective to instead describe the conditions under which we believe we observed terminated jacking, a phenomenon that has not been reported before in male Atlantic salmon. Its occurrence may be linked to alterations in environmental conditions after the initiation of puberty that were below optimal with regards to reproductive cues.
We found evidence of terminated male puberty in post-smolt Atlantic salmon. Initially, a fraction of males were found to have 11-KT within the range of pubertal male salmon (Kjaerner-Semb et al., 2018) . Unfortunately, we do not have testes data from the same fish, however, elevated 11-KT is known to coincide with testes development (i.e. Idler et al., 1971; Kjaerner-Semb et al., 2018; Melo et al., 2014) . The growth profiles of these males with elevated 11-KT also suggested they had initiated the early stages of puberty, as they were heavier with a higher body condition than those males with low 11-KT, the same pattern observed in the mature jacks from experiment two. In addition, an initial subsample in December 2016 also demonstrated those fish we expected to be pubertal jacks based on external appearance did indeed show elevated GSI and type B spermatogonia, clear signs of puberty . However, no males produced running milt at the expected time, in this case May due to the use of out-of-season fish, suggesting they had all terminated maturation. Further evidence for this was that the growth reduction between November 2016 and April 2017 in these males with elevated 11-KT was not as severe as the mature jacks from experiment two, suggesting less energy had been deviated from growth. Here, we ruled out the possibility these males just stalled testes development at the initial stages in wait for the next spawning opportunity, as only 32% of those males identified as terminated jacks showed advanced testes development in December 2017, the next spawning opportunity. In addition, we feel it is unlikely these males were experiencing a "dummy run", whereby activation of the brain-pituitary-gonad axis is observed one season before the expected time of sexual maturation (Amano et al., 1992; Prat et al., 1996) as dummy runs do not lead to the development of the gonads (Okuzawa, 2002) , whereas we observed males with type B spermatogonia as well as one male that had the first spermatocytes.
The mechanism by which the high 11-KT males terminated puberty is unclear, but a change in environmental conditions may have halted maturation. Here, it is likely that high water temperature, or the water temperature increase following the winter photoperiod signal, 12 to 17°C in experiment two and 5 to 12°C in experiment one, triggered maturation (Fjelldal et al., 2011; Imsland et al., 2014; McClure et al., 2007) . Following this, in both experiments, fish were then transferred to cold water, 17 to 9°C in experiment two and 12 to 9°C in experiment one, and short days (approx. 6:18 in both experiments). This drop in temperature at the same time as a winter photoperiod cue may have led to the decision to terminate maturation in those males from experiment one. Here, one may ask why males in experiment two did not terminate, given they received a larger drop in temperature? We suggest that as the fish from experiment two had experienced a greater number of degree days following the winter signal, but prior to transfer to cold water, 879 compared to 525 in experiment one, they may have already surpassed a threshold for terminating maturation. However, this hypothesis requires testing.
Due to the high energetic cost of sexual maturation (Jonsson et al., 1997) , it would be an evolutionary advantage if one could stop the process due to unfavourable conditions post initiation of puberty. Indeed, in female salmon, Andersson et al. (2013) provided evidence of arrested gonadal development following photoperiod manipulation. Here, females were either kept under a natural photoperiod, or transferred to continuous light in winter, a technique known to suppress early maturation (Taranger et al., 1999) . Those females given natural light all progressed to develop large oocytes in the tertiary stage of development. In contrast, of those females switched to continuous light, only half advanced to the same stage, whereas the others were found to have either oil droplets, a pre-vitellogeneic stage, or primary yolk vesicles and low plasma estradiol. The latter is considered a mismatch between oocyte maturation and plasma hormones (Andersson et al., 2013) . Although photoperiod manipulation is known to suppress early male maturation (Hansen et al., 1992; Schulz et al., 2006; Taranger et al., 1999) , we can find no records of male salmon terminating sexual maturation after initiating puberty.
In experiment two, we only found maturing males following the 17°C treatment during smoltification, but not after the 12°C treatment. However, in experiment one we found males with elevated 11-KT following a 12°C treatment. This discrepancy could be explained by the initial starting size of the fish, as the larger the fish are following the winter signal the more likely they are to enter puberty during the smoltification period (T. Hansen, unpublished data) . In experiment two, smoltification was induced in October when the fish were around 75 g, two months prior to experiment one where fish were around 90-95 g. Size dependent thresholds for the initiation of puberty also occur in Table 2 Results from linear mixed effect (LME) models comparing the effects of group, time, and the interaction, for body mass, specific growth rate (SGR), and body condition in each experiment. Fraser, et al. Comparative Biochemistry and Physiology, Part A 232 (2019) 60-66 other teleost species such as European sea bass (Dicentrarchus labrax) (Carrillo et al., 2015) . Alternatively, terminated jacking may have occurred in experiment two also, however we do not have the 11-KT data to explore this possibility. In experiment one, there appeared to be an increased risk of grilsing in those males that had elevated 11-KT compared to those that had low 11-KT. Grilsing is particularly costly for the industry (McClure et al., 2007) due to the drop in flesh quality and increased risk of disease (Taranger et al., 2010) . Therefore, even if one is able to induce the termination of puberty in males as jacks, these same males may be primed to initiate puberty at the next given opportunity. This point is further emphasised by the low level of grilsing in experiment two, whereby none of the fish that had previously fully matured as jacks became grilse.
We present data from experiment two to gain an understanding of the long-term effects of jacking on growth. This is primarily to provide evidence that the growth profile of those males that complete jacking, when compared to immature males, differs to those in experiment one in which the males are suspected of terminating jacking. Experiment two was not designed to look at the long-term effects of jacking, and the low numbers of jacks does not make for an ideal assessment. Nevertheless, the jacks in experiment two showed decreased growth as post-smolts and did not fully recover to the sizes of immature males. It is unclear whether this was related to the length of the experiment, or whether jacking results in lifelong reduced growth. Therefore, from an Body condition * C Fig. 4 . Body mass, specific growth rates (SGR), and body condition over time of Atlantic salmon from experiment two and exposed to 17°C prior to seawater transfer. Data are means, corrected for other significant model effects, ± 95% CI. An asterisk indicates significant post-hoc effects within time point (lsmeans, p < .05).
industrial perspective, jacking may come at a cost of reduced harvest mass and requires more thorough investigation.
In conclusion, we find evidence that male salmon can terminate puberty as out-of-season smolts. However, those that terminate puberty appeared more likely to mature as grilse at the next opportunity.
